Stability of the chiral soliton coupled with the p meson which is quantized by taking breathing modes into account in addition to the spin·iso"pin rotational modes is examined on the basis of families of trial functions. It is shown that the parity-conserving states are not the ones with minimum energies and the solitons collapse through the spontaneous parity-violating states. The decay paths are represented by a parameter of trial profile functions. § 1. Introduction
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It had been suggested a possibility that solitons of the simplest chiral Lagrangian which has only the kinetic term of chiral field may be stabilized if quantum effects of breathing mode are taken into account even when the Skyrme term is absent. 1), 2) However, it was shown that there exists explicit paths of collapse of the chiral soliton in the absence of the Skyrme term_ (1) where A(t)ESU (2) is a dynamical variable of spin-isospin rotation and R(t) is that of the breathing motion. By introducing a dimensionless variable p = r/R( t) a family of trial functions is expressed as (2) where Explicit integrated expressions of F(p; C) are given in Ref. 3 ). In the limit C --> 0, F(p; C) tends to the collapsed one, , j p2+ 1 (5) which is derived from the instanton solution by Atiyah and Manton. 4 ) This form is the nearest trial function to the numerical solution among the family F(p; C). It gives static energy only 0.9 % above the numerical results. By solving the Schrodinger equation for the wave function ¢(R) of the breathing motion it is shown in Ref. 3) that energies of chiral solitons without the Skyrme term tend to zero in both limits C---70 and C---7= for all spin-isospin states. As the parameter C goes to 0 corresponding to the collapsed profile function (3) , both inertias of spin-isospin rotation and breathing motion tend to 0 as well as the coefficient of potential of breathing motion, so that energies of soliton-like systems go to zero. On the other hand in the limit C---7= both of the inertias of rotational and breathing motions tend to infinity, so that the rotational and the breathing motions are frozen and the system falls into the state which rests at the potential minimum point R(t) . =0, i.e., the collapsed one at the origin with zero energy.
(r; R(t)) of the hedgehog ansatz for the matrix-valued chiral field U(x)ESU(2), U(x)=A(t)exp[i( .. , x)F(r; R(t))]A t(t),
The stability of chiral soliton coupled with the p meson has been discussed in classical level by many authors.
B
), 9) It has been pointed out that though the kinetic term of p meson gives contribution to the static energy functional similar to that of the Skyrme term, the solutions are not stable because the spontaneous parity-violation (SPV) occurs if no additional stabilizer is included in the Lagrangian. Although it has been shown that the separate contributions from the kinetic term of the p meson and the quantized breathing motion are weak to prevent the collapse of solitons,3),7) it is interesting to study the stability of solitons when both contributions coexist together. In this paper, we examine the stability of chiral soliton coupled with the p meson which is quantized by taking breathing modes into account in addition to the spin-isospin rotation.
As we will show in the following the chiral soliton coupled with the p meson is also instable even the quantized breathing motion is taking into account. Besides a family of trial functions F(p; C) for the pion field we use families of trial functions for the p meson profile functions which are related to F(p; C) in terms of two parameters, one is related to the breathing motion of p meson field and the other represents the amount of SPV contributions. The chiral solitons decay into the zero energy states through the SPV states in both limits C---70 and C---7=. It is similar to the cases without the Skyrme term in Ref. 3) .
In § (6) .£ A = -! f7,zTr(ap.~L~1-aP.6~R t)2 where (7) We neglect the pion mass term. We take the unitary gauge for ~L(R)(X),
For the pion field, we choose the same form as (1) for
)F(r; R(t))/2]A t(t) .
The trial profile function F(p; C) in (2) will be used for U(x) and ~(x).
(8)
For the p meson fields Vp.(x), we employ the general spherically symmetric ansatz with the rotational collective coordinate A(t) and the collective coordinate B(t) for the breathing motion,
where we define iKor=AtA and 7]=r/B(t), the dot being time derivative. Expressions for Vp(x) given by (10) are obtained from the sums of vector and axial vector currents of chiral field, -iap~t(x)~(x), through the replacement of RCt), l-cosF(p), sinF(p) and pF'(p) by BCt), C (7] ), H (7] ) and K (7] ), respectively.*) By substitution of (9) and (10) into (6) we obtain the Lagrangian for the breathing and rotational motions, (7] )+cosF(p»)2+2H 2 (7] )+ K2 (7] )}/r2 +2{[ G (7] )+cosF(p»)2+ H2 (7] )}(1-cos 2 B)Tr(AA t)} ,
gr .
-([G 2 (7])+ H 2 (7])-1)2/2r 2 +[G'(7])-H(7])K(7])/r)2 + [H'(7]) + G(7])K(7])/r)2} +{r 2 [ G'(7])-H(7] )K(7])/r)2+ r 2 [H'(7]) + G(7])K(7])/r)2 +[G 2 (7])+ H2(7])-I)2}(I-cos2B)Tr
where
and the prime denotes differentiation with respect to r. The profile function K (7] ) is not an independent variable.7),12) The EulerLagrange equation for K ( 7] ) leads to where the prime denotes 7J differentiation.
Because of strong correlations between the chiral field and the p meson field which are imposed by the ..£ v term, the breathing motions of both fields will strongly couple. Therefore we may assume that the main mode is a combined motion of these two breathing modes given by B(t)=aRCt) or 7J=p/a, where a is a constant parameter and determined by minimizing the energy of soliton. By taking constraints given by the terms ..£ v and ..£ p into account, we choose the following trial functions for the profile functions G (7J) and H(7J)1) ,12)
where F(7J; C) is given by replacing p by 7J in (2) . By substitution of (13) into (12) we obtain the profile function K(7J; C),
with q(7J,/3)
In (13) and (14) 
In (17) and (IS) the primes of F'(p) and F'( 7}) denote the differentiation with respect to p and 7}, respectively. In order to obtain (17) and (IS), we have made an approximation for q (7] , m in (15) where we use the mean value 13 instead of the breathing variable B(t) in the first term of the denominator of q(7}, m. In the following calculation we fix the mean value 13 to 1 GeV-I which is reasonable as we discuss later when the parameter C is not far from one.
The Lagrangian (16) with collective coordinates R(t) and A(t) has three parameters C, a and e. The static classical solitons are the solutions which make V(R)
stationary. The minimum value of V(R) is the classical mass of chiral soliton and a functional of F(p), G( 7}) and H( 7}) and given by
However, now in terms of trial functions, the functional M[F, G, H] is reduced to a function of three parameters C, a and e.
The Schrodinger equation of wave function (h(R) for breathing mode with
spin-isospin 1= J is 
h(R) 3,-1(R)' 2,-1(R) a(R)' 2a(R)
and the prime implies differentiation with respect to R. § 3. SPY and PC solutions and instability
We solve numerically the Schrodin- It is found that when C is near 1, the parameter /3 which minimizes the energy eigenvalue E1I2 is zero. This corresponds to the PC solution. On the other hand, in the regions where C<t1 and C ~ 1, the energy eigenvalue E1I2 is minimized when the parameter /3 takes /3 ::::;±1.0 and /3::::;±0.9, respectively. Then we obtain the SPY solution in both small and large C regions. As the next step, based on the
O'io==_T' ~~:-::1O"'-2'------"-1' results of the first step we fix values of parameter /3 as /3=0, /3=1.0 and /3=0. As the final step, we check again the /3 dependence of energy eigenvalue El/2 by use of a values which are chosen to make the energy minimum. The /3 dependence of energy Em for typical values of C is shown in Fig. 2 . As is shown in Fig. 2 the results obtained in the first step are confirmed, that is, when C is near 1, the minimal point is located at /3=0; while C is far from 1, the minimal point of energy is located near /3= ±1.0.
In the same way with 1=J=1/2, we determine the values of free parameters a and /3 for the states with 1 = J =0 and 3/2 by minimizing the eigenvalue Eo and E3/2 for varying C. The calculated results of C dependence of energy EJ for 1 = J =0,1/2 and 3/2 are shown in Fig. 3 . As shown in Fig. 3 the energies of the PC states in the region of C near one are rather large so that these PC states are not stable. As the parameter C decreases from. 1 the energies of PC states increase after slight decrease reflecting the increasing contributions from the kinetic energies of the p meson and breathing mode. However there occur "phase transitiolis,,7),12) from the PC states to the SPY states at around C;:::::10-3 arid the energies of these Spy states decrease towards zero. The critical values of parameter C, Cs, are 0.005, 0.002 and 0.0004, for 1 = J =0, 1/2 and 3/2, respectively. As the parameter C increases from 1 the energies of PC states decrease monotonically and tend to a limiting value E~c=1.122 GeV in the limit C--->oo. However, "phase transitions" from the PC states to the SPY states also occur at the critical values of parameter C, i.e., at CL =200, 500 and 2000, for 1= J =0, 1/2 and 3/2, respectively. The energies of these SPY states in the region C:J> 1 rapidly decrease towards zero as C increases. The trial functions F(p; C) , G(p/o:; C) and H(p/o:; C, (3) for several values of C are shown in Fig. 4 where the values of parameters 0: and (3 are chosen to minimize the energy eigenvalue E I/ 2.
The parameters of the Lagrangian aI, a2, bI , b2, ilr and ,,12 which are used to obtain minimum eigenvalue El/2 are shown in Fig. 5 This approximation is valid in the region where the parameter C lies near one. In the limit C--->O, the mean value 13 becomes very large because the inertia of breathing motion a(R) and the moment of inertia of rotational mode A(R) become very small. In this region the solitons are in the Spy states with (3= ±1, so that q(r;, (3) reduces to q(r;, ±1) On the other hand, when the parameter C goes to the limit C ---> 00, 13 becomes very small because a(R) and A(R) become very large, the approximation for q(r;, (3) is not applicable also in the region C--->oo. In this region the solitons in the SPY states with (3= ±1 have smaller energies. Then we can use q(r;, ±1) given by (21) and obtain analytical expression of VCR) in the limit C--->oo, which behaves as 267[Zj"zR+/2 x 7[2gj,,3RZ in the small R region, so that VCR) is zero at R=O. In the limit C--->oo both inertias a(R) and A(R) go to infinity and the rotational and breathing motions are frozen 3 ),6) and the systems fall into the state which rest at the potential minimum point R(t)=O, i.e., the collapsed one at the origin with zero energy. Therefore the SPY state represents the explicit decaying path of the chiral soliton coupled with the p meson in the other way of C ---> 00.
If we take 0:=1 in the case of PC solutions, the contribution of ..£ v term to the energy completely disappears as seen from ..£ v in (11) . Furthermore, the ..£ p term where the substitution of G(p)=-cosF(p) is made gives the same contributions with that of the Skyrme term with e=g=5.9. Therefore the PC states are similar to those of quantized chiral soliton with a weak Skyrme term where all states go to the frozen state. § 
Discussion and conclusions
In the preceding section we have examined the stability of chiral soliton coupled with the p meson and quantized by taking into account the spin·isospin rotational and breathing modes in terms of three families of trial functions: F(p; C) for the profile function of chiral field and G(r;; C) and H(r;; C, (3) for the p meson field. These families of trial function have a common parameter C, which represents the collapsed profile functions in the limit C .... 0 while the spreaded one in the limit C .... 00. Trial functions G(r;; C) and H(r;; C, (3) given by (13) correspond to the parity odd and parity even part of the p meson field, respectively. The parameter /3 in H(r;; C, (3) represents the amount of parity violating contributions. The dynamical variables R(t) and B(t) of the breathing modes introduced through dimensionless variable p = r/R(t) and r; = r/B( t) are assumed to make combined motion with B( t) = aR(t) where a is a free parameter. Varying these parameters C, a and /3, and solving the Schrodinger equation for the breathing motion we obtain the energy eigenvalue of the quantized chiral soliton as the function of these three parameters. As explicitly shown in the preceding section, the chiral soliton coupled with the p meson is unstable even though the quantum effects of breathing mode are taking into account. The explicit decaying paths of the soliton are given by Spy states with /3~ ±1.0 in both limits C .... O and C .... oo.
Though it might be expected that the coexistence of the kinetic term of the p meson field and the breathing and rotational modes prevent to the collapse of soliton, there appear the SPY states with almost pure gauge solution which has zero contribution from the kinetic term .Lp in the limits C .... O and C .... oo. Although both limits C .... O and C .... oo give the decaying paths of solitons, the mechanism of collapse is very different from each other. In the limit C .... O, all the profile functions become collapsed one and all the paramters of Lagrangian (16) tend to zero. Then both energy and size of soliton go to zero. On the other hand, in the limit C .... oo, the solitons fall into the frozen state at the origin, so that the size and energy go to zero.
Though the quantum effects of breathing mode are included, the situation concerning stability of soliton coupled with the p meson does not change essentially from that in classiGal case. 7 ), 12) In order to stabilize the chiral soliton coupled with the p meson it will be required to add either of the higher-derivative terms, such as the Skyrme term 13 ) or the coupling with the (f) meson 14 ) to the Lagrangian (6). Finally we note here concerning the assumption of the combined motion of two breathing modes of the chiral field and the p meson field, B(t)=aR (t) . By this collective motion we get rather small excitation energy of chiral soliton system so that this combined breathing mode gives good approximation for the description of the quantum effects of chiral soliton coupled with the p meson.
